Plant secondary metabolites such as terpenes, deposited in the fat of pasture-fed animals have been proposed as biomarkers in these animals. In this study, the accumulation of a variety of terpenes in muscle and adipose tissues was investigated in young bovines. Two calves were fed with artificial milk and two calves were administered the same artificial milk with a mixture of essential oils. Terpenes were analysed by gas chromatography-mass spectrometry in rectus abdominis intramuscular lipid, subcutaneous, intermuscular, perirenal and peritoneal adipose tissues. The enrichments obtained were weak. Terpenes appeared to preferably accumulate in perirenal and peritoneal fat. Sesquiterpenes were retained more than monoterpenes or their oxygenated derivatives in the tissues of the calves receiving essential oils. Tissue enrichment in the calves that had not ingested the essential oil was observed for a few terpenes, suggesting that lung absorption may also be an effective way of penetration.
INTRODUCTION
There is increasing consumer interest in animal products from "green" production systems. Since consumers often associate grass feeding with this category of animal products, efforts have been made in recent years to enable direct tracing of grass feeding in herbivore products. Plant secondary metabolites such as terpenes have been proposed as biomarkers of pasture feeding in animal products (Martin et al., 2005; Prache et al., 2005) . Terpenes are found in high amounts and wide molecular diversity in certain Apiaceae, Lamiaceae and Asteraceae found in permanent grasslands. In contrast, Poaceae, which are found in cultivated grasslands, only contain a few of the common terpenes, and in low amounts. A significant research effort has been directed towards tracing the cow's diet using terpene profiles in milk (Viallon et al., 2000; Fernandez et al., 2003) and in cheese (Favaro et al., 2005) . Although terpenes have long been investigated in meat flavour studies (Larick et al., 1987; Young et al., 1997) examples of diet discrimination using terpene profiles are scarce (Cornu et al., 2001a; Priolo et al., 2004) .
Several authors have suggested that, in general, terpene accumulation in tissues is very weak but that their metabolism pattern depends on their chemical structure, monoterpenes being more extensively eliminated than sesquiterpenes. Nevertheless all this information has been provided by pharmacological studies in non-ruminant species (Kohlert et al., 2000) , by studies on terpene elimination in milk (Viallon et al., 2000; Fernandez et al., 2003) , or by studies in which terpene ingestion was not controlled (Cornu et al., 2001a,b; Priolo et al., 2004) . Specific difficulties hinder the study of terpene fingerprints in ruminant meat products. First, the ruminant digestive tract, which initially functions as in monogastrics, undergoes considerable changes at weaning when the rumen comes into operation. Also, the animals follow different production systems associated with slaughter ages, varying from a few months to several years. Hence, diet changes generally occur at different stages (milk, growth, finishing), which are all likely to leave a mark and contribute to the terpene fingerprints of the tissues. So further information on terpene behaviour and dynamics in the tissues of ruminant species, including chemical structure of the tracers to be used, absorption/storage/elimination pathways, influence of the animal's characteristics (breed, sex, age, physiological stage) and influence of the tissue analysed, is required.
The aim of this study was to evaluate the potential of the essential oil-enrichment strategy to investigate terpene fingerprinting in muscle and adipose tissues of young bovines. The accumulation of a variety of monoterpenes, oxygen-containing monoterpene derivatives and sesquiterpenes in perirenal, subcutaneous and peritoneal fat and in rectus abdominis muscle was tested in controlled conditions.
MATERIAL AND METHODS
This trial was conducted on the INRA experimental farm at Marcenat (Cantal, France).
Four male Montbeliard calves aged 52±5.1 days were fed with natural cow's milk for their first month of life. From the second month, the calves were fed with commercial milk replacer (Univor Energie®, Bongrain, France) supplemented (EO group: essential oil) or not (C: control group) with essential oils.
Essential oils kindly supplied by Pr. Lamaison and Pr. Carnat (Clermont-Ferrand Faculty of Pharmacy, Clermont-Ferrand) were mixed in the following volume proportions, by, %: Achillea millefolium 27.5, Meum athamanticum 7.5, Pinus sylvestris 25.0, Vetiver zizanoides 35.0 and cinnamon oils 5. The essential oil preparation was homogenized in commercial UHT cow's milk by gentle stirring in a water bath at 40°C. Individual doses containing 5 and 20 µl oil per 10 ml milk were stored at -20°C.
The calves were fed from buckets twice a day with reconstituted milk in amounts increasing from 5.5 to 8 l/calf/day during the four-month experiment. The essential oil doses were mixed with the commercial milk replacer reconstituted at 38-40°C just before administration. During the first week of the experiment, the EO calves received one dose of 5 µl of essential oils at every meal (i.e. 10 µl per day). During the second, third and fourth weeks, they received two, three and four 5 µl doses, respectively, at each meal (i.e. from 20 to 40 µl per day). From week 5 to slaughter they received one dose of 20 µl at every meal (40 µl per day). Cumulative samples of 50 ml control and essential oil milks taken twice a day from both offered and refused milks were stored at -20°C.
Slaughter took place when the animals reached about 250 kg liveweight. The heaviest animal in each pair was slaughtered first, and the others 14 days later.
Samples of approximately 20 g fat taken at slaughter from the subcutaneous, peritoneal and perirenal adipose tissues, and 100 g rectus abdominis muscle were wrapped in aluminium foil, sealed in polyethylene bags with a vacuum packaging machine (Multivac, F77462 Lagny sur Marne), and stored at -20°C until analysis.
Analyses
Lipid extraction. Muscle lipid was recovered as a supernatant after centrifuging about 80 g of roughly cut muscle at 75600 g for 2 h at 25°C in a Beckman Avanti J-301 centrifuge (Fullertown, CA 92834-3100, USA). Milk was defrosed at room temperature (20°C) before the lipid was extracted by centrifuging about 88 ml of milk, as described above.
Analysis of volatile compounds. Aliquots of 0.2 g extracted lipid or subsamples of 0.15 g adipose tissue taken from within each sample were deposited while frozen on 0.2 or 0.15 g glass wool in 40 ml cylindrical glass extractors. Volatile compounds were extracted by dynamic headspace (DHS) and analysed by gas chromatography-mass spectrometry as previously described by Priolo et al. (2004) with a helium purge flow of 80 ml/min and a trap desorb temperature of 220°C. Peak integrations were performed on the m/z 93 chromatogram for monoterpenoids and the m/z 161 chromatogram for sesquiterpenes, and are expressed as arbitrary area units.
Animal and tissue comparisons. Ranking of monoterpene (n=14), oxygenated monoterpene (n=5) and sesquiterpene (n=18) areas were compared. Comparisons were performed using the Wilcoxon non-parametric rank test of the SAS software package (SAS, 1989) . First, comparisons were performed on control vs essential oil animals separately for each tissue for monoterpenes, oxygenated monoterpenes and for sesquiterpenes, and second, two-by-two tissue comparisons were performed separately for each pair of calves for monoterpenoids and for sesquiterpenes.
RESULTS
Feed and essential oil intake, calf growth performance and slaughter results are reported in Table 1 . Both EO calves had a higher liveweight gain than the controls, but not necessarily a higher milk intake. The major terpenoid compounds found in the milk samples are given in Table 2 . Fourteen monoterpenes, 2 oxygen-containing monoterpenes and 6 sesquiterpenes were found in the control milk while found to be enriched by one (junipene) to 63 times (δ-3-carene) in the EO milk. Three additional monoterpenes, five oxygen-containing monoterpenes and 23 sesquiterpenes were found in high Total monoterpenes, oxygen-containing derivatives and sesquiterpenes desorbed from the muscle lipid and from the four fatty tissues are presented in Figure 1 . Monoterpenes and sesquiterpenes were more abundant in both EO than in the two C calves only for intermuscular, peritoneal and perirenal fatty tissues. Tables 3 to 5 report the individual monoterpenes, oxygen-containing derivatives and sesquiterpenes detected in the fatty tissues and muscle lipids, together with the probabilities obtained from the rank tests. Terpenes with higher areas in the two EO than in the C animals are typed in bold.
Some of the terpenes found in the milk were not recovered in the adipose tissues: santolinatriene, tricyclene, α-phellandrene, γ-terpinene, camphor, lavandulol, terpinen-4-ol, S1431, junipene, β-ylangene, α-acoradiene, β-vetispene + α-muurolene, S1574 + α-calacorene, S1581. In contrast, some terpenes were detected in the C animals while they had not been found in the C milk.
Few monoterpenes and derivatives were found with higher areas in the two EO than in the two C animals. Peritoneal and intermuscular fatty tissues presented the highest scores (10 and 7 out of 17, respectively). The comparison of monoterpenoid contents, taking into account all individual areas, revealed no significant difference between the EO and C animals. Two-by-two comparisons of the fatty tissues did not reveal any significant difference in terms of monoterpenoid contents.
As shown in Table 5 , relatively high scores were found for sesquiterpenes with higher areas in both EO animals: 16, 14, 9, 7 and 7 out of 19 in perirenal, peritoneal, intermuscular, subcutaneous and intramuscular samples, respectively. Comparison of sesquiterpene contents taking into account all individual areas (Table 5,  1 st comparison) showed that sesquiterpene contents were clearly higher in EO than C animals in all samples (P<0.0001 for intermuscular, peritoneal and perirenal fats and 0.003 for subcutaneous fat) except intramuscular lipid (P=0.35). In the EO animals, sesquiterpene contents (Table 5, 2 nd comparison) were higher in peritoneal (P=0.0124) and perirenal (P=0.0021) fat than in subcutaneous fat, and tended to be higher in perirenal than in intermuscular fat (P=0.0603).
Although 6 sesquiterpenes were found at higher levels in the two EO than in the two C intramuscular lipid samples, the corresponding ratios did not exceed 2.4 (γ-cadinene). Not even one terpene was found to occur specifically in the EO muscle lipid. For many terpenes, these low values were attributable to their relatively high occurrence in the C animals. In fact, terpenes were higher in muscle lipid than in all fatty tissues, which only reflected the structural differences between samples. Whereas muscle lipids obtained by centrifugation formed a homogeneous oily phase, adipose tissues were solid, heterogeneous samples with varying proportions of connective tissue. Since volatile compound recovery by dynamic headspace (DHS) depends on the physicochemical properties of the matrix from which they have to be extracted, only structurally similar samples may be compared. 
DISCUSSION
The low percentages in digestive tract relative to liveweights indicated a preruminant development stage for all four animals (Sautet, 1995) . Buchin and Salmon (2002) evaluated the total terpene content of milk from 4.6
. 10 -3 ppm in winter with cows fed on hay, up to 0.5 ppm in summer with cows grazing highland pastures. This would correspond to an ingested amount of 8 . 10 -3 g for a calf receiving 15 l milk/day. The daily dose administered in the present experiment was 5-fold higher, in order to obtain stronger markings. In spite of this high dosing, feeding essential oils to the calves did not produce a drastic enrichment in their tissues, at least in terms of total terpenes. The excess terpene may have failed to be absorbed through the digestive tract, or may have been readily eliminated. This low accumulation is consistent with the high clearance values observed by Kohlert et al. (2000) , who determined the average half-life of a variety of monoterpenes and oxygen-containing derivatives to be about one hour.
A variety of terpenes were found in the adipose tissues of the C animals, some of which were not found in the corresponding milk: sabinene, linalool, trans-sabinene hydrate acetate, β-copaene and β-bourbonene. Since the C and EO animals were housed in the same room, these molecules may have been introduced from the air by absorption into the lungs (Shipe et al., 1962) .
Terpene amounts found in a given tissue from the two C animals were generally very similar, whereas terpene amounts found in a given tissue from the two EO animals differed up to 18-fold (α-copaene in intermuscular fat). On larger scales, high variation ranges of terpene contents were systematically observed when tracing grass feeding, vs low terpene diets in animal products (Cornu et al., 2002; Priolo et al., 2004) . However, as shown in Figure 1 , the relative position of the two EO animals was always the same, with the terpene content being higher in EO1 than in EO2. Interestingly, the total terpene dose ingested was lower for EO1 than for EO2 (Table 1) . Individual variations between animals must therefore have other explanations than just the amount ingested.
The different terpene molecules behaved differently with regard to tissue accumulation. Globally, the terpenes accumulated the least were oxygen-containing monoterpene derivatives and the most, sesquiterpenes. Even at high enrichment levels in milk, monoterpene accumulation was low. This could be explained by lower absorption in the digestive tract and higher elimination of monoterpenoids from the animal's organism. Considering secretion in milk as a route of terpene elimination, these observations are consistent with the results obtained by Viallon et al. (2000) who found that monoterpene content in milk increased more rapidly than sesquiterpene content after feeding a terpene-rich diet. Besides, a number of studies on ovine fat (Priolo et al., 2004) , on bovine fat and meat (Cornu et al., 2001b) and on dairy products (Fernandez et al., 2003) acknowledged sesquiterpenes as having a higher discriminating power than monoterpenes.
According to Vernon (1986) , fatty tissues mainly develop during the postnatal phase due to adipocyte hypertrophy, with the most precocious fatty tissue developing in perirenal tissue, followed by omental (including peritoneal), intermuscular and, lastly, subcutaneous tissue. Considering that terpenes would arrive in fatty tissues with the fatty acids, these differences in precocity of fatty tissue development could explain the between-tissue differences observed in the relatively young animals studied here. These between-tissue differences in terpene accumulation could imply differences in utility of the different tissues for tracing grass feeding. Along these lines, Priolo et al. (2004) have already hypothesized that differences in location of fat sampling (subcutaneous vs perirenal) could explain differences in skatole concentrations in different trials. In other studies, Priolo et al. (2002) and Serrano et al. (2006) found perirenal fat to be much more reliable than subcutaneous fat for discriminating grass feeding in young lambs and calves, respectively, using carotenoid absorption measurements.
CONCLUSIONS
Essential information emerges from these results concerning tissue marking by terpenes in young animals, which should be taken into account before considering studies on a larger scale. First, relatively high doses of essential oil are well accepted by calves. Even after a three-month treatment, this massive supply of terpenes did not induce very drastic enrichments in tissues, as observed in experiments where terpene-rich diets fed to cows led to terpene-rich milk. This suggests that elimination processes prevent terpenes from accumulating in the tissues in excessive amounts. At equivalent milk enrichment ratios, more occurrences of tissue marking were obtained for sesquiterpenes than for monoterpenes or their derivatives, making them better suited to differentiate animals based on their diet, as previously reported by other authors. Due to the extraction procedure, intramuscular lipid had a higher terpene concentration than adipose tissues, but was the medium least suited to differentiate C from EO animals. Finally, perirenal and peritoneal fat proved to be the most reactive tissues toward the increase in dietary terpenes. These preliminary results will provide a basis on which to design future experiments on terpene absorption, metabolism and storage/accumulation. Concerning traceability, it is most probable that only strongly contrasted feeding systems could be distinguished by using the terpene fingerprint in meat products.
